We report on ab initio linear-response calculations of lattice vibrations in narrow silicon nanowires on the order of 1 nm along the [001], [011], and [111] growth directions. The confinement and nanowire structure substantially alter phonon distributions, resulting in an 15% to 23% reduction in heat capacity and an averaged decrease of 31% in acoustic velocities compared with bulk silicon. Based on these, we estimate an improvement up to 4 fold on thermoelectric performance due solely to the modified lattice vibrations in narrow silicon nanowires over bulk silicon. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Semiconductor nanowires [1] [2] [3] [4] (NWs), in particular, silicon (Si) NWs, 2, 3 have become one of the most active research fields in nanoscience and nanotechnology because of their unique and remarkable electronic and optical properties. Rapid advances in synthesis, especially the vapor-solidliquid crystal growth mechanism, 5 are enabling a broad range of applications in electronics, 6 spectroscopies, 7 biological sensors, 8 lasers, 9 thermoelectrics, 10,11 photovoltaic cells, 12, 13 and light-emitting diodes.
14 Nanowire structure and confinement modify not only electronic and optical properties but also lattice vibrations and thermodynamics. Recent experimental and theoretical works 10, 11, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] have discovered both redshift and blueshift in optical phonon modes, suppression of the surface-optical modes, small asymmetry in the longitudinal-optical phonon peak, modified electron-phonon coupling and charge carrier mobilities, reduced thermal conductivity, reduced group velocity, etc., in Si and other semiconductor NWs. However, thorough and systematical first-principles investigations on phonon and phonon-related properties of Si NWs are still missing. Many previous theoretical studies on lattice vibrations in semiconductor nanowires employed empirical models with adjustable parameters, 27, [31] [32] [33] [34] [35] [36] [37] and diameters (d) ranging from 0.92 nm to 1.60 nm. Phonon distributions and density of states (DOS) were calculated for all these wires, and then the heat capacity (C V ) and sound velocity (v s ) were determined from the phonon dispersion relations. Compared with bulk Si, these results suggest that as wire diameter decreases, both the heat capacity and sound velocity are reduced significantly especially in the [011] Si NWs, leading to an enhanced thermoelectric efficiency up to 4 fold. Our analysis attributes the reductions in C V and v s to physical confinement and the nanowire structure, which substantially modify the phonon spectra in narrow Si NWs.
II. COMPUTATIONAL METHODS
We employed first-principles calculations based on the density functional theory (DFT) using the planewave basis implemented in the Abinit package. 39 The generalized gradient approximation parameterized by Perdew, Burke and Ernzerhof 40 was used to approximate the exchangecorrelation functional. An energy cutoff of 20 Hartree and a k-mesh sampling of 1 Â 1 Â 8 in the Brillouin zone were found to generate converged results for the ground-state properties and electronic band structure. Wire surfaces were passivated by hydrogen, and about 1 nm of vacuum was added perpendicularly to the wire axis. All wire structures were fully relaxed, and then phonon distributions were computed at a 1 Â 1 Â 8 q-mesh following the linear-response approach based on the density functional perturbation theory [41] [42] [43] (DFPT). Interatomic force constants, the second derivative of total energy with respect to atomic displacements, were determined and then used to interpolate phonon frequencies at a much denser q-grid. Finally, dielectric constants 44 and thermodynamic properties 45 were calculated. As the wire diameter decreases, several pronounced peaks in the low optical modes around and below 200 cm -1 have developed due to confinement, 16 and these low-frequency optical phonon modes play a crucial role in modifying thermal properties of Si NWs compared to bulk Si. The wire orientation also affects the phonon distribution; for instance, comparing the phonon DOS of the 1. wire. This could be understood by examining the difference in crystal structures of these two wires, causing significant modifications in interatomic force constants, whose magnitudes are enhanced for confined modes perpendicular to wire axis while reduced for modes along the wire axis.
III. RESULTS AND DISCUSSION
The modified phonon spectra in these NWs could substantially change their heat capacities (C V , at constant volume), which are determined by 
where ZðxÞ is the phonon density of states at frequency x and the mean energy of a phonon with frequency x is
thus giving
ð Þdx: (4) Fig. 4 illustrates heat capacities as functions of temperature for five chosen Si NWs and bulk Si using the calculated phonon DOS. Except for very low temperatures, C V of Si NWs are significantly reduced compared with bulk Si, and it decreases as wire diameter d decreases. At room temperature (300 K), C V of the 1.1 nm [001] wire is reduced by as much as 23%, while for the 1.6 nm [011] wire the reduction in C V is 15%, as summarized in Table I . In average, C V in these wires decreases by 20% compared with bulk Si. The predicted reduction in heat capacity of Si NWs is caused by the redshift in Si optical phonon modes (Fig. 3) , allowing larger occupations at lower energies and leading to an decreased internal energy U(T). As the wire diameter decreases, the nanowire crystal structure induces new optical modes around and below 200 cm À1 . Our calculations also reveal that wire orientation also impacts C V slightly due to small difference in phonon DOS for NWs with the same diameter but distinctive growth directions.
In addition to the reductions in heat capacity, sound velocities, v s ¼ dx=dk, which correspond to the slopes of acoustic phonon bands at the C-point, are also smaller than those of bulk Si. Both the transversal (v T ) and longitudinal (v L ) sound velocities are reduced, as summarized in Table I ; among them, the 0.92 nm [111] wire has the largest reduction of 68% in transversal sound velocity, whereas the 1.2 nm [001] wire has the largest reduction of 43% in longitudinal velocity. Compared with bulk Si, in average, v T and v L in these narrow wires decrease by 34% and 26%, respectively. The reduced acoustic velocities suggest that narrow Si NWs become softer and more flexible than bulk Si, in agreement with experimental findings of decreased Young's modulus 47 and ultra flexibility 48 in Si NWs. Table I also reveals a substantial reduction in dielectric constant () in Si NWs. For 1 nm wires, decreases by 80%, while of a 1.6 nm wire decreases by about 70%. This is due to much reduced electronic screening in narrow Si NWs. Weaker dielectric screening will lead to much strengthened electron-hole binding in these wires.
The reductions in phonon group velocity and heat capacity suggest that the thermal conductivity in Si NWs decreases as well, in agreement with some recent publications, [31] [32] [33] which also demonstrated reduction in thermal conductivity in semiconductor nanowires based on calculations using empirical models. In addition to phononconfinement by narrow wires, they found that cross-section modulation could reduce thermal conductivity by up to three orders. The reduced thermal conductivity would lead to better thermoelectric performance. 30 Thermoelectric devices convert heat into electricity, whose efficiency is measured by the dimensionless figure of merit ZT ¼ rS 2 T=ðj e þ j l Þ, where r is the electric conductivity, S the Seebeck coefficient, and j e and j l the electronic and lattice thermal conductivities. In bulk Si, the lattice thermal conductivity j l dominates, so that its ZT value at room temperature is very small ( 0.005). Since j l / s v 2 g C V , where s is the phonon scattering time, reductions in averaged phonon group velocity ð v g Þ and heat capacity (C V ) in narrow Si NWs will lead to decease in thermal conductivity by a factor of about 1.8-4.6, if we estimate the reduction in v g by averaging reductions in acoustic sound velocities.
It has also been suggested that lower optical bands can decrease phonon scattering time s, 24 and we find that the frequencies of the lowest optical bands in Si NWs are one order of magnitude lower than those of bulk Si (Table I ). This further supports our conclusion that strong physical confinement in Si NWs can improve ZT several-fold. Recent measurements 10, 11 have demonstrated that roughening nanowire ($50 nm in diameter) surfaces can decrease thermal conductivity by two orders, thus improving ZT to around 0.6 at room temperature. Further increasing ZT could be achieved by entering the strong confinement regime, so that ZT of 3-4 might be reachable. ZT ' 3-4 was considered as ), heat capacities (C V , in J/molÁK) at 300 K, longitudinal and transverse sound velocities (v L and v T in km/s), and dielectric constants along the wire axis ( z ) for five chosen Si NWs and bulk Si. 
IV. CONCLUSIONS
In summary, we have carried out a systematic firstprinciples study of lattice vibrations in Si NWs along three directions with various sizes. Our results show that phonon spectra and thermal properties of narrow Si NWs depend on both wire diameter and orientation. The modification in phonon distributions due to physical confinement and the nanowire structure leads to substantial reductions in heat capacity and acoustic velocities compared with bulk Si. Consequently, thermal conductivity in these narrow wires decreases by a factor of $2-4, which might lead to an improvement of the thermoelectric figure of merit ZT up to four fold. This possible several-fold increase in thermoelectric performance is due solely to modification in phonon distributions in Si NWs, in addition to other features in lowdimensional materials, such as high electronic density of states, that can also improve ZT. 51 Next, we are going to study the effects of surface chemistry (various passivants, reconstruction, etc) and axial strain on phonon distribution. We will also compute the electron-phonon interactions in Si NWs, which are crucial for quantitatively understanding phonon-mediated properties including temperature dependence of band gap and optical absorption/emission, phonon lifetime, and electrical conductivity. 
